Abstract: Knowledge on edge properties is important from a conservation perspective. Our study was carried out in the ancient vegetation mosaic of the Villány Mts, South-Hungary. Sampling was conducted along eight transects, each running from a rock sward through a shrubforest patch into another rock sward. Unlike most studies, we identified edge position objectively, using a moving split-window analysis. Five habitat types along each transect were distinguished: north-facing rock sward interior, north-facing edge, shrubforest interior, southfacing edge, and south-facing rock sward interior. In the forty 2 m² plots, a total of 157 species were found. Species richness and Shannondiversity of the edges was higher than those of the shrubforest interiors, but not significantly different from the rock swards. Cover did not differ significantly among habitat types. We found only a few edge-related species. No differences between differently-oriented edges were revealed. Species composition of the edges was influenced mostly by the rock sward matrix. We hypothesize that ecological conditions of the edges resemble those of the rock sward interiors. Thus, sward species can penetrate into shrubforest edges, entailing a similar composition of edges and rock swards, resulting in similar diversities. Edges might be viewed as refugia for valuable plants of rock swards.
Introduction
Edges (also referred to as transitional zones, ecotones or ecological boundaries) are recognized as playing an important role in community ecology, landscape ecology and nature conservation [1] . Ecological responses to edges are a focus of considerable research interest [2] [3] [4] . One of the central issues is biodiversity within edges. According to the most wide-spread hypothesis [5] [6] [7] [8] , species diversity is greater in edges than in either of the two adjoining communities. Another hypothesis [9] [10] [11] [12] claims that diversity is increased only within blurred edges whereas sharp edges are less diverse compared to the two neighbouring communities. However, new theories predict that diversity of edges may be intermediate to that of the adjoining communities [3, 4] . A predictive model of edge effects [3] suggests that positive, negative, neutral or transitional edge responses may occur, depending on the resource distribution between neighbouring communities. Unfortunately, there have been relatively few empirical studies that measure plant species richness or diversity within edges. Moreover, only a small fraction of those do have the advantage of delineating the boundary objectively [13, 14] .
Although the existence of edge-related (ecotonal) species (i.e. species that are restricted to edges or at least occur significantly more frequently in edges) was once widely accepted [5, 11, 15] , the concept has been recently challanged [2, 13] . Even the definition of the edge-related species is unclear in the literature [13] . Again, more case-studies would be necessary.
Considerable differences between the microclimatic conditions of variously oriented edges can be measured [16] [17] [18] . Therefore, it is expected that differences in vegetation features may occur between north-facing and south-facing edges [19] . In the northern temperate zones, south-facing edges often show stronger edge responses [3] . However, it is likely that orientation has a weaker effect on vegetation than on microclimate [3] .
Since two different communities meet at every edge, both of them should be taken into account. This means that both forest patches and the matrix must not be neglected [20, 21] , and edges should be scrutinized in relation to both adjoining communities. However, several studies restrict their attention to the edges and forest interior areas, not considering the matrix [18, [22] [23] [24] .
Although alpine treeline ecotones have been extensively studied [14, 25, 26] , other types of edges free from human influence form a neglected topic [19] . Therefore, a natural vegetation mosaic of karst shrubforests and rock swards was chosen for our investigation in the Villány Mountains (South Hungary). We examined the species richness, Shannon-diversity and vegetation cover of the edges and compared the data to the interior areas of shrubforests and rock swards. Moreover, we examined whether there are differences between south-facing and north-facing edges. We also searched possible edge-related species. Finally, we made an attempt to reveal the effects of the matrix on the edges. Doing this, we were able to explain the observed diversity and species richness patterns.
Although a wide variety of definitions exist [1,2,27], here we define edges as boundaries between adjacent communities [3, 28] . In this article, we use the term matrix to refer to the community type covering more than 50% of the area [29] .
Experimental Procedures

Study area
Our research was carried out in the Villány Mountains (South Hungary) ( Figure 1A ). The bedrock consists of limestone and dolomite that is partly covered by loess [30] . Mean annual temperature is 10-10.5°C. The coldest month is January, the hottest July [31] . Mean annual precipitation is 670-690 mm [32] . Because of the eastwest direction of the Villány Mountains, microclimates of the southern and of the northern slopes are quite different, with the southern slopes being considerably hotter and dryer [33] . The northern slopes are covered mainly by mesophilous forests, whereas the southern slopes are covered by xerophilous forests and grasslands.
For 
Vegetation sampling
Eight shrubforest patches consisting of old Q. pubescens and F. ornus trees were selected randomly within the vegetation mosaic. They were about 10-20 m in diameter, a common size in xerophilous shrubforests throughout Hungary [34, 41, 42] . All patches were surrounded by rock swards in every direction. 1 m² contiguous sampling plots were arranged in transects running from a rock sward through an adjoining shrubforest patch into another rock sward ( Figure 1B) . Percentage cover of all vascular plant species (both woody and non-woody) less than 50 cm in height was estimated in April and in July. Since only the understory vegetation was sampled, our results apply to this vegetation layer exclusively.
Identification of the edge positions
We wanted to avoid subjective identification of edge positions. Therefore boundary delineation was done objectively, applying a moving split-window analysis [43, 44] . Moving split-window analysis is based on the spatial dependence of vegetation transect data. Dissimilarity of neighbouring areas of the transect is expected to be low, but at the region of structural changes, i.e. at the edges, it becomes significantly high, so that it appears as a peak in a dissimilarity profile diagram. Comparison of neighbouring areas is performed in a "window" that consists in the simplest case of two adjacent plots of the transect. Increasing the window size results in a spatial series that can emphasize the significant discontinuities of the vegetation.
As comparative function, we used the squared Euclidean distance. The significance of the boundaries was tested with the z-score transformation according to Eq. 1,
where z is the z-score, d i,k is the squared Euclidean distance at position i if the half-window size is k, d exp,k is the overall mean of the squared Euclidean distance from randomized data for half-window size k (expected mean), and SD exp,k is the standard deviation of the squared Euclidean distance values from the randomized data for half-window size k. The overall mean and standard deviation are computed from 99 randomizations and for the whole transect. Random reference was made with random shift of species. The distribution of each species is shifted a random number of units along the transect. Occurrences that are shifted beyond the end of the transect are wrapped back on to the opposite end [45, 46] . Random shifts maintain the spatial pattern of each individual species, randomizing only the interspecific patterns [47, 48] . Z-scores for each window midpoint position were averaged over 1 to 10 half-window sizes. Average z-scores were plotted against window midpoint position, resulting in a z-score profile ( Figure 1C ). As the distribution of the overall mean of the squared Euclidean distance from randomized data is very close to normal distribution (L. Körmöczi unpublished data; on the basis of several thousands of randomisation tests), z-scores greater than 1.65 are considered significant at a 5% probability level [49] . One of the edges did not prove to be significant, but it was included in the analyses since it was very close to the significance level (z=1.536). Computations were carried out using the statistical language R 2.10.1 (R Development Core Team, Vienna, Austria, http://www.R-project.org).
Selecting and grouping the plots
Plots were selected for the analyses as follows: To select the edge plots, we defined edges to be two meters wide so that two plots were situated on the edge. One plot was on either side of the boundary line identified by the moving split-window analysis ( Figure 1B ). This is undoubtedly arbitrary, but some considerations support our decision on edge width. First, the moving split-window analysis confirms this width, indicating relatively sharp and thin edges [44] . Second, our field experience seems to verify a boundary width of approximately two meters. Also, similar edge widths were found in the shrubforests of the Hungarian Transdanubian Mountain Ranges [41] .
Shrubforest interior plots and rock sward interior plots were selected from the central area of the patches, where edge effects are expected to be absent or minimal ( Figure 1B) . Data of the adjacent 1 m² plots were combined by averaging cover values. As a result, we had 2 m² plots in each of five habitats: north-facing rock sward interior, north-facing edge, shrubforest interior, south-facing edge, south-facing rock sward interior ( Figure 1B ). Altogether there were forty 2 m² plots distributed in five habitats and along eight transects.
In the fidelity measurements, the two slope aspects were pooled. Thus we had 16 rock sward plots and 16 edge plots but only 8 shrubforest interior plots in these analyses. Our preliminary results indicated that unequal plot number had adverse effects on significance. Therefore, two additional 1 m² plots were selected from the shrubforest interiors along each transect and combined into 2 m² plots. Thus 48 plots were used for the fidelity calculations.
Statistical analyses
To assess the effect of habitat type (i.e. north-facing rock sward interior, north-facing edge, shrubforest interior, south-facing edge, south-facing rock sward interior) on the species richness, diversity and total cover of the vegetation, we performed a series of generalized linear models with nested random effects. We modeled species richness with a Poission error distribution, and diversity and total cover with a Gaussian error distribution. We treated transect as a random effect and habitat type as a fixed effect in the models [50] . We also performed post-hoc multiple comparisons. We used the lme4 (http://lme4.r-forge.r-project.org/) and multcomp [51] packages in the R framework (R Development Core Team, Vienna, Austria, http:// www.R-project.org). We applied Q-Q plots and scalelocation plots to test the assumptions of the linear mixed models. Outlier samples were excluded from further analysis.
To identify possible ecotonal species, we compiled a list of species that occured exclusively in edge plots. We also identified diagnostic species, that is, species that are concentrated in one of the three habitats (ignoring slope aspect). For this purpose, fidelity values were calculated using JUICE 7.0 [52] . The phi-coefficient was computed, since it is an appropriate measure of fidelity [53] . Species with positive phi-coefficients were considered significant diagnostic species. Fisher's exact test was carried out to exclude non-significant diagnostic species. As a result, we got four groups of species: diagnostic species of the shrubforests, diagnostic species of the edges, diagnostic species of the rock swards and non-diagnostic species.
To study the effects of the surrounding matrix on the edges, we calculated the proportion of the diagnostic species of the shrubforests and of the rock swards that occurred within each edge. In this way we were able to determine which of the two neighbouring communities has a greater influence on the edge using the MannWhitney test in Past 1.99 [54] . We also examined the floristic similarity between each individual edge and the neighbouring communities using the Renkonen similarity index given by Eq. 2.
where s i,j is the Renkonen similarity index, p k,i is the relative cover of species i in plot k, and p k,j is the relative cover of species j in plot k. We drew box-plots using the SPSS package (version 17.0) for Windows (SPSS Inc., Chicago, USA).
In a complementary analysis, we searched for species that avoid one of the habitats. To do this we merged the neighbouring habitats of forest and edge and determined diagnostic species that avoided the rock sward using JUICE 7.0 [52] . Diagnostic species of the merged groups forest and edge indicate that these species can not enter the rock sward habitat. Similarly, the rock sward and edge habitats were merged and diagnostic species were determined against the shrubforest.
Results
Species richness, Shannon-diversity and total cover of the edges
We found a total of 157 species in the 40 plots. 84 species occured in the shrubforest interior areas, 113 species within north-facing edges, 91 within southfacing edges, 104 species in the north-exposed rock swards and 105 species in the south-exposed rock swards (Supplemental Tables 1-5 ). According to the generalized linear model, habitat type had significant effect on the species richness (χ 2 =42.91, P<0.001), Shannon-diversity (χ 2 =28.483, P<0.001), and a marginally significant effect on total cover (χ 2 = 9.6058, P= 0.04762). The post-hoc comparisons showed that species richness in the shrubforest interior was significantly lower than that of the other habitat types ( Figure 2A , Table 1) . No significant differences in species richness between the other four habitat types were found. Shannondiversity of the shrubforest interior was significantly lower than that of the other habitat types, while we found no significant differences between Shannon-diversity of the other four habitat types ( Figure 2B , Table 1 ). The post-hoc comparisons did not show significant differences between cover values of the habitat types ( Figure 2C , Table 1 ).
Edge-related species
We found only a few potential edge-related species. We found 14 species which did not occur outside of the edges (Achillea collina, Aconitum anthora, Cerastium semidecandrum, Euonymus verrucosus, Festuca valesiaca, Lactuca sp., Leontodon hispidus, Pseudolysimachion spicatum, Rosa arvensis, Salvia sp., Sonchus asper, Sorbus domestica, Valerianella locusta and Veronica chamaedrys). In addition, all of them were quite rare, occuring only in one or two plots, which means that their appearance in edges may be random.
We identified 7 shrubforest diagnostic species, 3 edge diagnostic species and 19 rock sward diagnostic species (Table 2 ). The extremely small number of the edge diagnostic species is particularly conspicuous.
Effects of the edge orientation
According to the statistical analyses, the north-and south-facing edges did not differ significantly in species richness, Shannon-diversity or total cover (Table 1) .
Effects of the matrix on the species composition of the edges
Edges were influenced mostly by rock swards. Within edges, the proportion of the rock sward diagnostic species was 19.81% on average, while proportion of the shrubforest diagnostic species was only 2.92% on average (Mann-Whitney U=13, P<0.0001). Greater influence of rock swards on edges was supported by the Renkonen similarity index as well: similarity was significantly higher between edges and rock swards than between edges and shrubforests (U=61, P<0.01). We found 29 diagnostic species when rock sward and edge were merged. These species live in the rock sward and edge habitats, but cannot enter the shrubforest interior. In contrast, there are only five diagnostic species of the forest and edge combined. This smaller group of species is typical of shrubforests and edges, but cannot enter the rock sward habitat.
Discussion
Edges are key components of landscapes, so their study is essential in landscape ecology and conservation biology [3] . In this article, we studied edges of an ancient shrubforest-rock sward mosaic in the Villány Mts (South Hungary). We examined how edge properties (species richness, diversity, vegetation cover, edge-related species, effects of the exposition and influences of the matrix), relate to the neighbouring communities. Most of the earlier studies on edge properties determined edge position subjectively [18, 41, [55] [56] [57] . In our study, we determined edge location objectively, using the moving split-window analysis. Moreover, unlike many other studies [22,24,56-59], we examined natural edges.
Both species richness and Shannon-diversity of the edge was higher than that of the forest interior (Table 1 ). Higher species richness or diversity of edges compared to forest interiors has been observed in several studies [18, 22, 60, 61] , although different patterns also exist [59, 62, 63] . It was suggested [23] that edge diversity may only be higher than that of the forest interior if the edge is old (i.e. not newly-created) or stable for a longer period. This statement is in good agreement with the results of this study of old, intact edges.
We found that both the species richness and the diversity of edges were intermediate to those of the neighbouring communities, although neither measure [65] stated that diversity is lowest in high-nutrient habitats due to shading by tall and plants that cover extensive areas. Mészáros et al. [66] found that diversity is low under the dense canopy of a forest because a few shade-tolerant dominant species exclude most of the other species. According to Auclair & Goff [67] , the diversity of mature dry habitats exceeds that of mature mesic habitats. These suggestions are in good agreement with our field experience: soil of shrubforest patches is much deeper than that of the rock swards, resulting in more moisture and greater nutrient supplies (L. Erdős, unpublished data). This in turn entails higher and taller vegetation and as a consequence, reduced diversity due to the effects of the shadow. The fact that species richness and diversity of edges are very similar to those of rock swards may indicate that edge conditions and resources are similar to those of the rock sward interior.
Vegetation cover is expected to change along the interior-edge-exterior gradient [19, 41, 56, 68] . However, we found that total cover of the understory did not differ significantly among habitat types ( Table 1) . The probable explanation for this is that both the shrubforest and the rock sward understory communities have generally low cover values: the former due to the shading of the trees and shrubs, the latter due to the open rock surfaces. The edges may have low cover values as a result of the combination of the above factors.
Two alternative definitions of edge-related (i.e. ecotonal) species have been suggested [13] . According to the first definition, edge-related species are those that are found only within edges. There have been studies that have revealed the existence of species confined exclusively to edge zones [13, 57, 59, 68] . We found 14 such species. However, since all of them were quite rare, we guess that none of them are true edgerelated species since it is highly probable that they occured within the edges by chance alone. According to the second definition, edge-related species occur significantly more frequently in edges than elsewhere. Edge-related species that fit this definition have been reported in some previous works [41, 64] , while no significant edge-related species were found by others [13] . Three such species were identified by our analyses (Table 2) . They may be considered edge-related, but we have to emphasize that the results must be treated with care and more studies are needed on this topic.
It is widely accepted that in the northern hemisphere, south-facing edges exhibit greater edge influence than north-facing edges [3, 19] . South-facing and northfacing edges may differ in structure [69] , frequency and species richness of native or invasive species [55, [70] [71] [72] , plant vitality [73] , species composition [68] and species distributions [22] . However, in the present study, we found no significant differences between the species richness, diversity or vegetation cover of northfacing and south-facing edges (Table 1) . We conclude that characteristics of the shrub and canopy layers should also be scrutinized. More comparative studies with similar communities in the region are needed.
Effects of the matrix on the forest patches are increasingly recognized [21, 74] . In the Villány Mts, the rock sward matrix considerably influences the species composition of shrubforest edges. Burton [70] emphasized that there are two types of edge effects. The forest affects the neighbouring segment of the sward, while the sward affects the outer zone of the forest. The latter type seems to be much more important in the case of the vegetation mosaic of the Villány Mts. Similar results were reported by Dierschke [68] , who found that several species of the nonforest habitat penetrate into the edge, resulting in a floristic similarity between the edge and the open habitat. Interestingly, other studies have found that edges are more similar to forest interiors than to the neighbouring non-forest community [24, 41, 61] . In contrast with our results, in the shrubforestrock sward mosaic of the Hungarian Transdanubian Mountain Ranges, edges are more similar to the forest interior [41] . The most likely explanation of this is that in the Transdanubian Mountain Ranges, edges possess their own zone of shrubs with a height of 0.5-1 m. Under the dense canopy of the shrub layer, conditions are similar to the forest interior. However, this outer zone (also called "Saum") is lacking in the Villány Mts, so microclimatic conditions characteristic of the rock sward can penetrate into edges.
This also casts light on the possible mechanisms underlying the observed diversity and species richness pattern. We suggest that in the studied shrubforest-rock sward mosaic, ecological factors within edges resemble those within rock sward interiors. As a consequence, rock sward species can encroach into shrubforest edges, resulting in a similar composition of edges and rock swards. This in turn leads to similar diversities.
Although both shrubforests and rock swards are valuable communities, rock swards undoubtedly support many more protected, relict and endemic species. Our finding that shrubforest edges provide habitats for several rock sward species may be important from a nature conservation perspective: if rock swards suffer degradation events, shrubforest edges can serve as refugia for threatened plant species, making later re-colonization possible. Sanguisorba minor Artemisia alba
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